A previously described polymerase chain reaction (PCR) assay (amplification of a 238-bp fragment of ovine herpesvirus 2 [OHV-2] genomic DNA) for diagnosis of sheep-associated malignant catarrhal fever (MCF) was adapted for use on formalin-fixed, paraffin-embedded tissues. Variables affecting its use were examined. Archived tissues from cattle, white-tailed deer (Odocoileus virginianus), and bison (Bison bison) diagnosed with MCF by clinical signs or histologic lesions were obtained from 2 veterinary diagnostic laboratories. Tissues from healthy animals and from animals diagnosed with other common bovine viral diseases were examined as controls. A total of 86 blocks from 37 suspect MCF cases were examined. Forty-one blocks from healthy animals and animals with unrelated viral diseases were examined as controls. The assay was specific for sheep-associated MCF and did not yield false-positive signals from healthy animals or from cases of infectious bovine rhinotracheitis, bovine virus diarrhea, mucosal disease, or parainfluenza-3 virus infection. A wide variety of tissues were suitable substrates, including spleen, lymph node, intestine, brain, lung, and kidney. Extracted DNA provided a more suitable target than did unextracted tissue lysate. The highest levels of viral DNA were present in lymphoid organs and intestine, but the data indicate that in acute clinical cases, most organs contain sufficient viral DNA to serve as a suitable diagnostic specimen. Fixation of 0.5-cm 3 blocks of tissue in 10% neutral buffered formalin was deleterious to the target DNA, and PCR signals progressively diminished after fixation for Ͼ45 days. Detection of genomic DNA of OHV-2 by PCR was successful for archived tissues that were 15 years old.
Sheep-associated malignant catarrhal fever (MCF) can pose a formidable diagnostic challenge to clinicians and pathologists alike, in that its protean presentation can make it difficult to differentiate it from several other common viral diseases. The classical signs, most prominently corneal edema, fever, and generalized lymphadenopathy, are not always evident, particularly in acute cases in highly susceptible species such as deer, 21 moose, and bison (unpublished data). If present, the predominant microscopic lesions of MCF (lymphoproliferation, mucosal inflammation, and vasculitis) are highly suggestive. However, they may be either absent or so mild that the diagnostician has difficulty in differentiating them from similar lesions that can accompany bovine virus diarrhea (BVD)/mucosal disease, infectious bovine rhinotracheitis (IBR), and epizootic hemorrhagic disease. 5 In situ immunohistochemistry or immunofluorescence is of little diagnostic value because, in spite of many attempts, no successful demonstration of viral antigen in tissues has been reported. In addition, until very recently, the few laboratory tests available for MCF serologic diagnosis lacked specificity. 10 The recent development, however, of specific assays for the genomic DNA of ovine herpesvirus-2 (OHV-2), the sheep-associated (SA) agent, 3 and for anti-MCF viral antibody 14 has materially improved the accuracy of laboratory diagnosis. Serologic tests such as the recently developed MCF-specific competitive enzymelinked immunosorbent assay 14 are, unfortunately, less than completely reliable for diagnosis of SA-MCF for a number of reasons. 5 There is now strong evidence that OHV-2 is consistently present in cases of SA-MCF. 5 The polymerase chain reaction (PCR) technique for detection of genomic DNA of OHV-2 has thus emerged as the method of choice for diagnosis of animals with clinical SA-MCF. 3, 15 This assay was developed from the base sequence of a fragment cloned from a lymphoblastoid cell line that was derived from an animal with an acute case of SA-MCF. 3, 4 The primers direct amplification of a fragment that is highly homologous to a sequence contained within open reading frame 75 of alcelaphine herpesvirus (AHV)-1, which codes for a virion protein gene. 6 The specificity for OHV-2 arises from one of the primers (556), which binds in a region of low homology between OHV-2 and AHV-1. 3, 6 This set of primers does not detect DNA of AHV-1, the wildebeest-associated virus, 3, 15 or AHV-2, the closely related virus in hartebeest (unpublished data). The assay readily and reliably detects the virus in peripheral blood leukocytes of both carriers and clini- Cattle  MCF  33  77  30  3  I B R  7  7  0  7  BVD  11  11  0  11  PI-3  3  3  0  3  healthy  14  14  0  14  Deer  MCF  1  6  1  0  healthy  6  6  0  6  Bison  MCF  3  3  3  0 cally affected animals 15, 20 and thus is being used extensively to study the epidemiology of the virus in the most important native carrier, the domestic sheep, 16 and to diagnosis disease in susceptible species. 15, 20, 24 PCR assays using fixed and embedded tissues can be highly useful. 8 Although ethanol and acetone appear to be the best generic fixatives for subsequent PCR of embedded tissues, acceptable results can be obtained using tissues preserved in formalin, the most widely used general fixative. 7, 8 Formalin-fixed, paraffin-embedded tissue is often the only sample available in laboratory archives, because fresh tissue and blood from suspect cases are rarely saved for extended periods. The large amount of embedded material existing in the pathology archives of diagnostic laboratories is an important resource for retrospective studies of MCF in a variety of species, particularly exotic ruminants.
Successful use of formalin-fixed, paraffin-embedded tissues for OHV-2 PCR has been reported. 20, 24 There are, however, no published quantitative data concerning the variables that affect the test. We describe the adaptation of the PCR to formalin-fixed, paraffin-embedded tissues and the results of a systematic examination of several variables affecting its performance. Table 1 ). The cases were selected on the basis of the recorded diagnosis, without regard to other criteria such as degree of autolysis prior to fixation. The fixative used was 10% buffered-neutral formalin in a dibasic phosphate buffer (pH 7.0). The maximum temperature used in histologic processing was 61 C. The tissues (number of samples) examined were spleen (45), lymph node (19) , kidney (14) , liver (14) , intestine (11) , lung (10), brain (10), eye (2) , and reticulum (2) . Cases wherein the original histologic diagnosis was uncertain were sectioned and reexamined for microscopic lesions and, where necessary, stained immunohistochemically for BVD viral antigen. 2 Some of the paraffin blocks had been stored at room temperature for up to 15 yr. For the purposes of this study, an acute case of MCF is defined as one in which animals showed typical clinical signs of MCF for Ն 4 consecutive days. Samples were coded, PCR assays were run, and the results were reported to a third party, with the PCR operator having no knowledge of the origin of the sample.
Materials and methods
Fixation time. To examine the effect of the length of time in the fixative on the ability to detect OHV-2 DNA by PCR, tissues from fresh necropsy cases of acute MCF (2 cattle, 1 bison, and 1 deer) were fixed for various times before embedment. Two to 4 tissues were collected from each animal ( Table 2) , and 8 pieces of uniform size approximately 0.5 cm on each side were cut from each tissue and placed in 10% neutral buffered formalin. At intervals (1, 30, 45, 60, 90, 120 days), a representative sample from each container was removed, processed, and embedded in paraffin by standard histologic procedures. A total of 55 blocks were sectioned, and the DNA was extracted for PCR.
DNA preparation. Five 8 m thick sections were cut from each tissue block, using a new disposable microtome blade for each block. Protocols to avoid cross-contamination between samples during preparation were rigorously observed. The sections were deparaffinized twice with 0.5 ml of xylene at room temperature for 20 min, washed with 100% ethanol, and then dried in a vacuum oven at room temperature. The desiccated samples were suspended in a lysis buffer (50 mM Tris-HCl, pH 8.5, 1 mM ethylenediaminetetraacetic acid, 2.8% sodium dodecylsulfate, and 1 mg/ml of proteinase K), incubated at 37 C overnight, heated at 95 C for 20 min to inactivate proteinase K, and stored at Ϫ20 C. DNA was purified from sample lysates by standard phenol/chloroform extraction and ethanol precipitation. 18 Purified DNA was then dissolved in water and quantified by OD 260 . To control for DNA contamination during sample preparation, sections from blocks of tissue from healthy cattle or deer were processed simultaneously with MCF tissues.
PCR. The procedures and conditions for PCR amplification have been described previously. 15 The primers were obtained from the sequence of an OHV-2 DNA fragment cloned from a lymphoblastoid cell line obtained from a case of SA-MCF. 3 All samples were coded and assayed without operator knowledge of their origin. Five microliters of lysate or 2 g of purified DNA were used for PCR amplification.
To determine the minimum level of DNA from an acutely affected animal that was necessary for a positive PCR signal, known positive samples were diluted in a background of 2 g/ml of normal bovine DNA. Known positive-DNA and no-DNA controls were included in all runs. The amplified PCR products were separated by 2% agarose gel electrophoresis, stained with ethidium bromide, and visualized by ultraviolet transillumination. Specificity was routinely monitored by restriction digestion analysis of 10% of randomly 3 pieces of tissue immersed in 10% buffered formalin for the indicated number of days before embedment. ϩ ϭ presence of 238-bp fragments in agarose gel following nested PCR; Ϫ ϭ no specific band present in gel following PCR; ϩ/Ϫ ϭ weak positive; NT ϭ not tested. selected amplified products, wherein cleavage of the 228-bp amplicon by RsaI into 2 comigrating fragments identified the band as OHV-2 in origin, as previously described. 15 
Results
Concordance between PCR and histopathology. All tissues (100%) from healthy animals (n ϭ 20) and from cases of IBR, BVD, or PI-3 (n ϭ 21) were PCR negative. Of the 37 cattle, bison, and deer that were initially diagnosed with MCF by clinical and/or histologic criteria, 34 (92%) scored positive for OHV-2 DNA by PCR (Table 1) . Histologic examination of the 3 PCR-negative cattle that had been originally diagnosed with MCF revealed that all 3 exhibited mononuclear or lymphoid cell infiltration in multiple organs but that none of the 3 contained inflammatory vascular lesions. Examination by immunohistochemistry revealed that 2 of the 3 cattle contained widespread BVD viral antigen in the tissues. The etiology of disease for the remaining animal was not established.
Tissue fixation time. To determine whether prolonged fixation of tissues in formalin affected the functionality of the assay, 55 tissues prepared from 4 ani-mals with clinical MCF were examined following fixation for 1-120 days and subsequent embedment. Acceptable PCR signals were detected from all tissues fixed for periods up to 45 days. Thereafter, the number yielding positive signals declined. By 120 days in formalin, positive signals were detected from only 1 of 8 blocks (13%) ( Table 2) .
Organ/tissue suitability. Using 2 g of tissue-derived DNA as the PCR target, OHV-2 DNA was detected from all 83 paraffin-embedded blocks of 9 different tissues derived from 34 animals diagnosed with MCF by both histopathology and PCR. To determine which tissues contained the heaviest load of viral DNA and thus represented the preferred target for PCR diagnosis, the DNA was extracted from 5 different embedded tissues (spleen, lymph node, small intestine, lung, and brain) from a cow with MCF. These tissues had been stored for 12 years as paraffin-embedded blocks. The cow had exhibited typical signs of MCF for 5 days before it died. Tissues had been fixed in formalin for 2 days and processed routinely at the Washington Animal Disease Diagnostic Laboratory. The diagnosis of MCF had been confirmed both by histopathology and serology. The target DNA in each sample was semiquantitated by assaying serial log 10 dilutions by PCR. All tissues yielded positive PCR signals at a concentration of 20 ng DNA per reaction, an amount 100 times less than the amount routinely used for diagnostic PCR (2 g) ( Table 3 ). The minimum amount of target DNA required for positive PCR signals from lymphoid tissues (spleen and lymph node) and small intestine was Յ2 ng, whereas other tissues (lung, brain) required about 10-fold more DNA (ca. 20 ng).
To determine whether crude lysate was suitable for 8 and lanes 4 and 9) and a deer with MCF (lanes 5 and 10). Lane 11 is a no-DNA reagent control, and lane 12 is an MCF-positive control (purified DNA from the peripheral blood leukocytes of a cow with MCF). M ϭ 100-bp DNA ladder. The additional bands in lanes 9, 10, and 12 are due to hybridization of primer 555 with other regions of OHV-2 DNA, which occurs when high concentrations of target DNA are present in the sample. 15 use as a target or whether it was necessary to purify the DNA from the lysate, paired samples (5 l of lysate and 2 g of the extracted DNA) from 48 different tissues were assayed by PCR. All 48 of the purified DNA samples scored positive, as opposed to only 29 of the lysates, for a concordance of 60%. Moreover, the PCR signals from lysate samples were significantly weaker than those from their corresponding purified DNA samples (Fig. 1) . Reducing or increasing the amount of lysate used per reaction did not improve the percentage of reactivity or the intensity of the signals.
Discussion
There is still much to be learned about the etiology of clinical MCF. The epidemiology and disease expression patterns are frequently puzzling and are difficult to reproduce experimentally. 1, 5, 17, 19 Whether OHV-2 acts alone or in concert with another infectious agent or cofactor or whether it is influenced by genetic factors are still open questions. However, this virus is almost certainly involved; it is always present at easily detectable levels in animals with clinical MCF but not in most normal animals. Thus, OHV-2 at significant levels in clinically ill animals represents a reliable diagnostic marker for clinical MCF.
The primers 3 used in this study were specific for OHV-2, the sheep-associated strain of the MCF virus group. OHV-2 and AHV-1 are well-known virulent strains, but other less well-defined strains also exist. AHV-2 is a less virulent strain isolated from topi and hartebeest. 22, 23 Evidence is emerging of other MCF virus strains in both domestic and wild ruminant populations that are sufficiently divergent that the primers used for OHV-2 and AHV-1 fail to detect them (unpublished data). The primers used herein will not detect other MCF viral strains, such as AHV-1. This lim-itation should be considered when dealing with samples originating from the vicinity of zoos, animal parks, and other sources of exotic ruminants. If it is suspected that a non-sheep-associated strain is involved, primers suitable for other MCF viruses, such as AHV-1, should be included.
The levels of viral DNA in the peripheral leukocytes and tissues of an animal with acute clinical MCF are critical to the success of the PCR assay. To compare tissues, the amount of viral DNA in several tissues from a single animal was semiquantitated by serial dilution. Lymphoid tissues and intestine contained the most, about 1,000 times the minimum detectable level. In other tissues such as the brain and lung, viral DNA levels were usually about 100 times the minimum detectable concentration. Thus, virtually any tissue from clinically affected animals can be used in the assay, probably reflecting the lymphotropic nature of the virus 4 combined with florrid accumulation of inflammatory lymphoid aggregates in multiple tissues.
The PCR assay used in this study employs a 2-step nested protocol that allows detection of as few as 5-10 copies of the target DNA (unpublished data). This level of sensitivity enables positive signals to be obtained from a high percentage of clinical cases. However, application of a recently developed competitive PCR has revealed that there is significant variation in viral DNA copy number per microgram of tissue DNA among clinically affected animals, ranging from extremely high levels to as few as about 50 copies per microgram of DNA from fresh unfixed tissue (unpublished data). Examination of a limited number of samples before and after fixation suggested that fixation for the usual 24-48-hour period in 10% neutral buffered formalin leads to a reduction of 50-75% in the measurable target copy number (data not shown).
However, in acute cases of MCF, the amount of target DNA in most tissues is sufficiently high that normal fixation periods do not significantly reduce the level of signal. Whether the tissue viral loads in animals with subacute or chronic MCF 20 are comparable to the levels in animals with acute disease has not been examined. An understanding of tissue-specific distributions of virus and the variables affecting them await detailed quantitative studies.
Buffered formalin, formalin-acetone, or ethanol fixatives are preferable to acidic fixatives such as Bouin's, Zenker's, or Carnoy's solutions for preserving tissue for PCR amplification. 7 Besides the choice of fixative, duration of fixation is an important variable, because binding and transcription efficiency of the polymerase are hindered by progressive structural changes in the DNA, such as formation of extensive methylene DNA-protein cross-linkages, only some of which are sensitive to protease treatment. 11 The negative effect of prolonged fixation increases with the size of the PCR product. 8 The length of time necessary for significant sample degradation varies with several factors, one of the more important of which is the size and permeability of the target tissue specimen, which is related to variations in tissue density. 11 We examined uniform 0.5-cm 3 blocks of tissue. No serious degradation in the ability to generate acceptable signals from tissues was noted until Ͼ45 days had elapsed. However, in general, the speed with which a given sample becomes unusable from fixation would be expected to vary inversely with its size, because penetration of the fixative to the center requires more time as the sample size increases. For example, signals from suspensions of individual cells in 2% formaldehyde become undetectable within 90 minutes (data not shown). The average block of tissue collected at necropsy is larger than the size used in this study, so fixation periods of a few days up to 3-4 weeks should pose no practical problem. Alternatively, for longer term wet storage, the tissue can be transferred to ethanol after a brief fixation in formalin. If samples are being collected solely for the purpose of PCR, initial use of ethanol fixation should be considered.
Embedded tissues Ͼ15 years old obtained from archival storage yielded acceptable bands. The age of the embedded tissues can be an important factor in the success of the PCR reaction. Generally, DNA fragmentation becomes a significant constraint at ages older than about 5 years, with the maximum obtainable fragment length declining progressively with time. 7, 11 Although this variable was not examined systematically, the relatively small size of the PCR product (238 bp) in this system and the generally high level of viral DNA in the tissues may have masked any deleterious effects of age of the specimens. The effects of unbuf-fered formalin solutions, previously shown to be damaging to RNA viral nucleic acid, 9 were not examined in the present study.
It was of interest to determine if a simpler method of sample preparation (using a crude tissue lysate rather than purified DNA) was acceptable, as it has been in PCR assays for other infectious agents. In this system, the crude tissue lysate was not acceptable; only about 60% of the samples that yielded distinct bands from purified DNA scored positive when tissue lysates were used in the reaction mixtures.
Antibody against the 15A epitope, 12, 14 which is shared among all known strains of MCF viruses, has been demonstrated in a variety of wild ruminant species. 13 The impact of MCF virus on free-ranging populations of ruminants such as the moose 25 and a variety of cervid species 21 is unknown. Because wildlife often die unobserved, fresh nonautolyzed tissues may be unavailable for laboratory use. The use of fixed tissues solves this logistic problem. Moreover, it makes retrospective molecular biological studies feasible; tissues from many diseased exotic and wild species are available in the archives of diagnostic laboratories.
From the findings of this and previous studies, general recommendations can be formulated for submitting and handling tissue samples for PCR assays of MCF viral DNA. If available, unfixed tissue or peripheral blood leukocytes are preferable to fixed tissue. When unfixed specimens are not an option, 1 set of tissues should be submitted to the lab in formalin for morphology and another set (or subset) should be submitted in 70% ethanol for PCR. The more convenient alternative of simply using the tissues submitted in formalin for PCR is acceptable, however, provided the length of time in the fixative is not excessive (maximum of 3-4 weeks). Tissues that are fixed in formalin should be embedded as soon as fixation is adequate for morphologic preservation. If long-term fluid storage is necessary, samples should be transferred from formalin to ethanol following fixation. Preferred tissues are lymph node, spleen, and intestine. However, in most cases of acute MCF, if those tissues are not available, a wide variety of tissues should yield acceptable signals.
